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Introduction

The evoiution of device and integrated circuit applications of the II11-V
semiconductors depends, in large measure, on the achievement of a better
understanding and control of the electrical properties of semi-insuléting (SI)
GaAs and InP. Epitaxial layers of these binary compounds and of their
crystal-lattice-matched 111V ternary and quaternary alloys are grown on thesé

S1 substrates. Alternatively, direct ion implantation of donor and acceptor

“impurities is employed to form planar monolithic integrated circuits. In

either case the devices are embedded»or reside upon their respective semi-
insulating substrates whose bulk and surface properties affect the properties
of discrete and integrated circuit transistors and optical electronic
circuits. Fluctuations in device parameters on a chip and inter-chip varia-
tions must be controlled or at least understood sufficiently so that they can
be taken into account if large scale integrated (LSI) circuits baseq on GaAs
and InP are to be accepted for performing functions which cannot be done by
means of existing and available technologies within acceptable trade-offs in
processing, performance and cost.

A great deal of time, effort and money has been spent in producing high
quality SI GaAs containing few residual impurities and a Yow free carrier
concentratiogs. Much effort is being spent worlidwide at present on processing
low dislocation density'SI boules of GaAs and processing these into wafers for
substrates. Considerably less effort has been spent thus far on producing
pure SI InP. The problem appears to be associated with residual donor impuri-
ties, of the order of 1015/cm3, in pure InP, These might probably be phospho-
rous point defects although a clear and definitive identification has yet to
be made. In any case, a high concentration of Fe deep-level acceptor

tmpurities is required to compensate these donors. These impurities have a
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significant effect on the electrical properties of bulk and SI InP. They are,

al el el

therefore, of particular importance in the accumulétion-type metal -insulator-
semiconductor field effect transistors(1] (MISFET) whose parameters are

strongly dependent on the surface properties of SI InP, It is to be expected,
furthermore,'that these traps will have a substantial effect on the threshold

for “sidegating" and “backgating" which represent a parasitic interaction

between adjacent transistors and sets specific limits, therefore, on LSI, and
they may also affect the channel electron mobility and the dynamic response of

such MISFET,

Two-Terminal Current vs Voltage Measurements

In order to make a variety of current vs voltage (i-V) measurements on
bare (i.e. uncoated) SI InP surfaces as well as on surfaces coated with
dielectric layers, (such as those used as gate insulators in insulated gate
field effect transistors) a computer controlled system such as that shﬁoﬁ in
Fig. 1 was assembled. It consists of a programmable power supply (HP 6034A)
controlled by a HP-87XM microcomputer. The pofential applied to the specimen
is stepped in preset increments through the desired range, allowing adequate
time for the current through it to reach a stable value. The current is
determined by monitoring the voltage developed across a small resistance R
(much smaller than that of the specimen) by means of a Keithley 177 Microvolt

Digital multimeter whose output is read by the computer. The stored V-i data

can then be plotted subsequently by the computer.
FE-doped SI InP with chemo-mechanically polished <100> surfaces had its
electron density determined from Hall measurements (assuming single band

2

electronic conduction) to be n = 108/cm3 and mobility u = 1.53x10 em/ /V-sec A

determined from resistivity measurements. Photolithographic techniques were
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then used to delineate rectangular contacts made bx alloying Au-Ge (in
accordance with the method described in the enclosed publication) using
various interelectrode spacings. One specimen with ion implanted contacts
with an interelectrode spacing of 2 um, made at NOSC was also measured and
yielded essentially similar results. Although the contact resistance of the
ifon-implanted contacts is lower than that of Au-Ge alloyed electrodes their

qualitative i-V characteristics (described subsequently) are the same.

Space Charge-limited Currents in SI InP

The experimentally derived i-V data shown in Fig. 2 are similar to those
usually measured on SI GaAs., However, to our knowledge this is the first
evidence that SI InP has an i-V characteristic in which space charge limited
currents (SCLC) may play sighificant roles similar to those observed on SI
GaAs[2). Theoretical interpretations based on charge transport in insulators
in which SCLC is dominant are based on the simultaneous solution of Poisson's
equation and the continuity equation[3]. In lqw electric fields the current
is a linear function of the applied voltage because the free electron density
present in the insulator is much greater than that of the electric field-
dependent injected electrons from the contacts. As the injected electron
density becomes dominant the current takes on a quadratic dependence on the
applied voltage and is proportional to the inverse of the interelectrode

separation to the third power. If deep level traps within the vicinity of the

Fermi level are present then charge transport associated with trap filling is
much more complicated[4]. Beyond the linear i-V region the current rises

nonlinearly with voltage up to a value such that all the available traps which
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D, can be charged are filled. Thereafter the current rises steeply with an

incremental increase in V up to a value where further increases in voltage
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exhibit the quadratic dependence of i on V predicted for the trap free-
case[sl. The threshold voltage for the trap-filled space-charge-limited
current rise, Vi, is of particular importance because it coincides with the
onset of parasitic coupling between an "ohmic" contact made to SI GaAs and an
adjacent metal-semiconductor field effect transistor (MESFET) on the same SI

substrate, i.e. SCLC measured between two contacts have an Vyp whose

: magnitude is essentially identical to the threshold for "sidegating"

E; modulation of the drain current of a MESFET and probably a MISFET by a
potential applied to a neighboring electrode. In SI GaAs a trapping mediated

SCLC model such as that described by Lampert and Mark(4] was introduced by a

number of investigators in an attempt to explain their experimental
measurements(6], However, two major problems arose in attempting to fit the
experimentally measured i-V data to the model. It was found that the
calculated Vypy is about one order of magnitude greater than that measured and
that its dependence on interelectrode spacing is linear rather than
quadratic. While the introduction of a surface depletion region and a change
in sign of the free carriers beneath it induced} presumably, by thermal
annealing can providetﬁ] a fit to the experimentally measured i-V data, the
validity of this model and its applicability to SI GaAs remains in doubt.

In at least some respects the situation is more favorable in the case of
SI InP, as shown by the curve in Fig. 2. It was calculated using the Lampert-
Mark mode1[7] with the measured electron density and mobility from Hall effect
and resistivity data by assuming that the dominant trap level is Fe3+ located
at ~0.6 eV below the conduction band minimum. Although the experimentally
measured and calculated i vs V curves are in very'good agreement and the

3+

calculated Fe”" acceptor density, which is of the order of ~1016/cm3. is in

fair agreement[BJ with the Fe concentration measured on similar SI InP
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specimens using secondary ion mass spectrometry, we have not been able, as
yet, to confirm the expected quadratic dependence Af VgL on the interelec-
trode spacing. Furthermore, there is a serious question whether one-
dimensional current flow is sufficient to explain experimental observations
such as described in our enclosed paper. A two-dimensional SCLC model was
developed by Geurst[g] and may be applicable to the planar type of structures
we are involved with. Furthermore, it does predict a linear dependence of the
‘threshold voltage on the interelectr;de spacing such as observed experimen-
tdlly. However, we have not explored as yet its specific applicability to
two-terminal i-V measurements made on SI InP., A more realistic SCLC model for
SI InP and its role in device and integrated circuit functions remains to be

made as part of our current and future efforts characterizing SI InP,

Conclusions

1. We have demonstratedtlo] that in high electric fields SCLC in SI InP plays
a significant role in two-terminal devices with uncoated (bare) surfaces.

2. MWe have demonstrated that in two-terminal devices with a dielectric coated
surface as well as in accumulation type MISFET, SCLC, in conjunction with
accumulation charge transport, plays a significant role,

3. We have demonstrateq that trap-mediated SCLC is a significant factor in
surface charge transport of SI InP.

4, Ve believe that relatively small changes in surface potential in either
two-terminal or in three terminal accumulation mode devices can have a
significant effect on charge transport.

5. We have not been able as yet to show a direct correlation between the time
dependence of the current observed on dielectric-coated SI InP and the

current instability observed on accumulation type MISFET.,
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6. We find that the time dependent drain current drift following the applica-
tion of a step function potential to the gate of a long channel
accumulation MISFET is a function of the nature of its gate dielectric o

layer.

Open-ended Issues

a) It is not clear as yet what (if any) role SCLC has in accumulation type

MISFET in limiting its frequency\response which is an order of magnitude

. smaller then that of depletion mode MISFET.

%; b) The contact resistance and spreading resistance of accumulation mode

" MISFETs needs to be determined and its effect on their dynamic range and
gain-bandwidth products remain to be determined.

¢) The correlation between VirL and the thresholds for sidegating and backga-
ting in MISFET and JFET made on SI InP and parasitic coupling between
devices made on a common S! InP substrate remain to be determined.

d) No direct a correlation has yet been established between the long time
constants described in the enclosed publication and drift and instabili-

ties of the drain current.

These are the specific issues slated for further investigation at UCSD,
Perhaps the most significant issue is that of understanding the nature and

characteristics of the dielectric - InP interface and major emphasis will be

placed upon it.
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Figure 1.

s o .

Block diagram of computer controlled current vs voltage :
measurements used to determine space-charge-limited current flow -
and trapping in semi-insulating InP,
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Figure 2.

Log-l1og plot of the current vs voltage dependence of uncoated
(bare) surfaces of SI InP with Au-Ge eutectic e]ectrodes spaged
Sum from each other. The electron density n = 6.6 x 107 /em3.  The
concentration of Fe impurities calculated fr?m th1s curve (assum1ng
Fed* to be the main trap level) is 7.89 x 10!5/em3. Points
represent experimental measurements, curve is calculated i-V
relation using Mark -Lampert model. vTFL” 36V and linear region is

shown by straight line.

...........

-

¥
PO AP AR

T
e
PRI,

Y
ol

el
o

]
KA A
RSSO |

—_—



HP CO34R
1

Power

Swfply

+ -~

F.’j-l

ST Inf
Sampde

e 97xm
computer -

R g
WA~ :
[; Keilnley 177 OMM .

A A




!
~

LOG I (Amp)

I
©

_g 'y : PYREES INE W VY WO T | A 1 a1 2 2 2

L “a P . NN " . L . R
- PO B e A A w Al e ala




Surface properties of semi-insulating indium phosphide®

James W. Roach and H. H. Wieder

University of California, San Diego Electrical Engineering and Computer Sciences Department, C-014, La

Jolla, California 92103

(Received 1 February 1984; accepted 27 March 1984)

Electrical measurements on two-terminal structures and on A-MISFETs, with 20 and 30 um
long channels, fabricated on SiO, or Al,O, coated semi-insulating InP, indicate that charge
transport between their Au-Ge eutectic contacts takes place by a combination of electron
transport in the accumulation layer and space charge limited current flow, both affected by deep
level traps. Following application of a step voltage, the total time dependence current may be
described qualitatively by I (¢} = Iexp{ — ¢ /15) + I,[1 — exp( — t /7,), where 7,37, and I, is the

accumulation current.
PACS numbers: 73.60.Fw, 73.30. +y

I. INTRODUCTION

Semi-insulating (SI) InP shows considerable technological
promise as a substrate for making planar, monolithic, inte-
grated circuits using metal-insulator-semiconductor field
effect transistors (MISFET’s). It may also prove to be a via-
ble substrate for electro-optic integrated circuits employing
injection electroluminescent lasers, photodiodes, and photo-
transistors made of ternary and quaternary 111~V alloys hav-
ing lattice constants compatible with InP.

Bulk, Czochralski grown, single crystal, SI InP is pro-
duced by compensating its residual shallow donors with
deep level Fe™ acceptor impurities. It is 7 type at room tem-
perature with a typical electron density n~-10® cm 3, mobil-
ity #~3%10* cm? V= s, and typical bulk resistivity of
the order of 10’ 2 cm.

SI InP surfaces coated with a synthetic dielectric such as
S$i0; or AL O; exhibit surface accumulation' with an equilib-
rium surface Fermi level E $~-0.16 V. This is essentially the
same as that of n-type, (100)-oriented InP which is slightly
depleted, and is in good agreement?-* with the barrier height
and surface Fermi level of {110)-and (100)-oriented “free”
surfaces obtained by x-ray photoemission spectroscopic
methods.

Modulation of the surface potential in accumulation by a
positive potential applied to the gate of a SI InP MISFET is
feasible. Such accumulation mode transistors® (A-MIS-
FET’s) are of particular importance for tise as enhancement
type devices in high frequency and low power microwave
integrated circuits.” The significance of surface transport of
charge carriersin SI InP is, therefore, self-evident. However,
relatively little is known about either the bulk or surface
transport of charge in SI InP. The bulk properties of SI InP
may, in some respects, be similar to those of SI GaAs. It
appears that both are affected by charge injection at the con-
tacts, by space-charge-limited (SCL) current flow, and by
trapping some of the injected charge carriers.*® Nonethe-
less, their surface properties are likely to be quite different
because of the different energy levels of the surface states,
which determine the equilibrium position of their surface
Fermi levels'—near midgap for GaAs and near the conduc-
tion band edge for InP.

$12  J.Veo. Sol. Teohnol. B 2 (3), July-Sept. 1984 0734-211%/84/030612-04901.00

This paper presents preliminary two-terminal and three-
terminal electrical measurements made on SI InP. A tenta-
tive interpretation of the data is offered which proposes that
surface transport consists of SCL current affected by trap-
ping, combined with electron transport in the surface accu-
mulation layer.

). EXPERIMENTAL

Devices were fabricated on ~ 107 £2 cm, (100)-oriented, Fe
doped, SI InP which had been chemomechanically polished
in a bromine-methanol solution, cleaned in hot acetone,
rinsed in methanol, given a detergent scrub, and deionized
water rinse. Drain-source windows were produced photo-
lithographically, following which Au-Ge eutectic was de-
posited by thermal evaporation. After removal of the photo-
resist, these contacts were annealed at 375 °C for 15 min and
the current versus voltage linearity determined. Thereafier,
an ~0.1 zm thick SiO, or Al,O, layer was deposited by rf
plasma-assisted chemical vapor deposition procedures at
300°C. Alternatively, the insulating layer was deposited'®
immediately following the contacts, then the anneal was per-
formed as before. The contact pads are rectangular, 0.5
mm X 1 mm (the narrow edge fronting the channel) with ei-
ther a 20 um long or a 30 um long channel between them.

A-MISFET (i.e., three terminal devices) were made by the
vacuum deposition of an Al gate over the channel between
the source and drain pads, using photolithographic proce-
dures to delineate the gate contour. Gate current leakage, at
1V, was found to be negligible, on the order of 10~ ' A.

. ELECTRICAL MEASUREMENTS

The insert in Fig. 1 shows that the current [ is, to good
approximation, a linear function of the applied voltage V
between Au-Ge eutectic alloy contacts made to SI InP, pri-
or to deposition of a SiQ, layer. For much higher values of ¥V
or much smaller interelectrode spacing, / has a power law
dependence on ¥ consistent with SCL current flow in the
presence of traps.® Rose'' has shown that a linear J vs ¥
regime precedes SCL current flow if the density of injected
charge carriers is much smaller than that of the thermally
generated carriers (or that contributed by ionized impuri-
ties).

© 1904 American Yacuum Society s12
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FI1G. 1. Current vs time for two-terminal SI InP structures after SiO, surface
coating is applied; potential difference ¥ = 4.8 V; two interelectrode spac-
ings: 20 and 30 um. Insert shows typical two-terminal structure current-
voltage characteristics prior to deposition of SiO,. Same interelectrode
spacings as above.

Figure 1 also shows that following the deposition of an
$i0O, layer over the same SI InP specimens, the current mea-
sured at a constant voltage, applied in the form of a step
function, has acquired a time dependence: It rises to a quasi-
steady-state plateau and then decays much more slowly. The
peak currents are some two orders of magnitude greater than
currents measured between the same contacts prior to depo-
sition of the SiO,. This current depends on the interelectrode
spacing.

From curves similar to those in Fig. 1, it was determined
that the current plateau is a function of ¥ ¢, wherea 2, and
commonly is ~4. On the other hand, it was found that the
time constant 7 of the rise of / (¢ ) is essentially independent of
¥. Removal of the $i0, layer from the InP surface eliminates
the time-dependent evolution of  and restores the linear I-V
characteristic shown in the insert.

It is proposed here that the surface charge carrier trans-
port in SI InP, up to and including the plateau in I (¢ ) shown
in Fig. 1, proceeds by a combination of SCL current flow in
the presence of traps, and the motion of free electrons in the
surface accumulation layer. Their relative contributions
may vary, depending on the free carrier concentration.
Meiners and Wider'? have shown that the equilibrium sur-
face potential of SiO, coated SI InP, with n = 22X 10"
cem~? is Vs = 0.39 V, in accumulation. Thus a small accu-
mulation current may exist even in the absence of an applied
gate voltage if a potential difference is applied to such a two-
terminal structure. The SCL current may be derived from
the first order assumption that the time dependent electron
density n is described by

J. Vac. Scl. Technol. B, Vol. 2, No. 3, July-Sept. 1964
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dn n,—n

dt T
n, is the total steady-state electron density and 7, is the time
constant required for the electric field and electron density
to reach steady state. n, is the sum of the initial (time = 0)
electron density #n, due to the accumulation layer, and the
steady-state SCL density »,. Thus, the above equation may
be written as

f{'_=("o+"|)—" (1
dt T

with solution,
n=ng+nfl —e=""). 2)

By assuming the electron mobility to be time and position
independent, the time dependent current becomes

It)=I,+ I(1 —e~ '), (3)

This is essentially a first order approximation to the total
current, consisting of the superposition of a current I, a
function of the free electron density 7, in the accumulation
Iayer, and a SCL current, with a time dependent electron
density expressed by the second term in Eq. (2). Relations
similar to Eq. (3) have been deduced by Baron et al.'? for
double injection SCL current measurements made on bulk Si
biased in the square law Mott-Gurney SCL regime,® and by
Dean'* for SCL measurements made on p-type InSb.
Figure 2 illustrates the time and gate-voltage dependent
evolution of the source-drain current / s of a three-terminal
(A-MISFET) structure. Its two-terminal properties were
qualitatively in accord with those shown in Fig. 1. For a
constant Vg of 5 V, ips was recorded as a function of time
for various values of the gate voltage V. The data can be
fitted by means of Eq. (3) for each value of V. In addition,
since J, is assumed to be the accumulation current in the
channel of the A-MISFET,and provided I, = I ¢, then the
saturated current of the surface accumulation channel,

Io=’((VG‘VT)2 4

as shown by Wieder.'> ¥, is a threshold voltage and the
constant of proportionality X is a function of C,,, (the capaci-
tance per unit area of the gate insulator), the channel length /
and width z, and of the electron field effect mobility # such
that

100 F VgrO5V
W -
E— © Vg:04v
8
§ © ;’f"v- won
S

20 r"’"w’v

VooV
0 1 1 i -1 1 1
0 40 80 120 160 200 20

time,s

F1G. 2. Drain current vs time as a function of gate voliage ¥ for an A-
MISFET with SiO, gate insulator and 20 um long channel. Drain-source
potential is S V. Circles represent least-square fit of data to Eq. (3) using
7,208,
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K=C, pz/2l. (5) " o -
In accordance with Eq. (4), Fig. 3 shows that I} ?isalinear  _ '"_ RS L
function of ¥V, at least down to gate voltage comparable to ool === Y07y "
V. The slope of I /2 vs ¥ yields K, and assuming the di- g b 7 -
‘ electric constant of the SiO, layer is 3.9, the field effect mo- 37 =04y ) o
. bility 2~900 cm?/V s, a value consistent®'® with that deter- § o %02 .
- mined on A-MISFET of smaller dimensions using either 20k VoOv
N Au-Ge or ion-implanted source and drain contacts. . ) N ) o
- In Fig. 2, no decay of I (¢ ) is evident, in contrast to experi- % 4‘(? ) 120 160 200 240 S
mental data obtained on A-MISFET’s of smaller dimen- time, s .-
. sions®'¢ but in accordance with I (¢) in Fig. 1, for #<300 s. FIG. 4. Drain current vs time as a function of gate voltage ¥ for a A- 4
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F10. 3. Saturated drain cusrent 1, vs V; (circles) and 1 )2 vs ¥, (squares) for

same sample as Fig. 2. Solid curve represents least-square fit of data to Eq.
(4) with K~380 uA/V?and ¥V, ~0.1 V.

FiG. 5. Saturated drain current I, vs ¥; (circles)and 7} vs V; (squares) for
same sample as Fig. 4. Solid curve represents least-square fit of data to Eq.
4 withK =43 uA/Viand ¥y = - 0.7V,

J. Vee. Sol. Teohnol. B, Vol. 2, No. 3, July-Sept. 1984




818 J. W. Roach and H. H. Wieder: Surface properties

IV. DISCUSSION

From the data herein presented, it appears that SCL cur-
rents may contribute a significant fraction of the current
flowing in the surface of dielectric-coated SI InP in weak
accumulation and small to moderate applied electric fields.
It is premature as yet to try to develop a model of the com-
bined accumulation and SCL current flows. The data pre-
sented here suggest that the SCL current flow occurs in the
SI material underneath the accumulated layer. However, the
possibility that SCL currents may flow in the native oxide
beneath the synthetic dielectric layer cannot be ruled out.
No contribution is expected from currents flowing in the
synthetic dielectric itself. In large electric fields, such as pro-
duced in ~0.5 um long channels, / is a quadratic function of
V as expected for the trap-filled limit of SCL currents.®* How-
ever, no consistent data of this type has been obtained as yet
for the larger devices used here.

SCL theory'"-'” also indicates that an increase in the free
carrier concentration relative to trapped carriers might be
expected to yield an increase in the steady state SCL current
and a decrease in 7,. It was found that a two-terminal device,
on a Sl InP specimen which had been annealed at 675 *Cina
P, overpressure for 10 min prior to deposition of the SiO,
layer or formation of the contacts, had asomewhat larger / (¢ )
and a 7, value smaller by roughly an order of magnitude
compared to those of Fig. 1. There also resulted a greatly
accentuated decrement in 7 (¢) beyond its peak value. These
changes may be due to an increase in the free electron density
in the vicinity of the surface produced by redistribution of
the Fe* acceptors which compensate the residual shallow
donors. Oberstar'® e al. have found that following the an-
nealing of SI InP at 800 °C for 30 min, the Fe concentration
at room temperature, as measured by SIMS (secondary ion
mass spectroscopy) decreased by more than one order of
magnitude from its original value within 0.8 um of the sur-
face. This is also consistent with the measurement of Shana-
brook'® et al. which indicates that annealing at 730 °C for 15
min increased the free clectron density of SI InP by more
than an order of magnitude. Annealing at such temperatures
is a common practice following ion implantation, but more
data will be required to establish an unambiguous correla-
tion between the anneal and the SCL current parameters.

Analternative explanation to trapping for the decay of I (¢ )
following its peak is presented as a model for slow current
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drift in A-MISFET’s. In this model, developed by Good-
nick?®® et al., electrons from the InP channel tunnel ther-
mionically to a conducting In,O; layer within the native ox-
ide, under the influence of the gate potential. The data in Fig.
4 can be fitted by this model as well. It is, however, not yet
evident how such a mechanism might affect the decay of 7 (¢ )
in two-terminal structures such as described here.
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Surface properties of semi-insulating indium phosphide®
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Electrical measurements on two-terminal structures and on A-MISFET’s, with 20 and 30 um
long channels, fabricated on SiO, or Al,O; coated semi-insulating InP, indicate that charge
transport between their Au-Ge cutectic contacts takes place by a combination of electron
transport in the accumulation layer and space charge limited current flow, both affected by deep
level traps. Following application of a step voltage, the total time dependence current may be
described qualitatively by I {t) = Ioexp{ — t /75) + I,[} — exp( — 1 /7,}, where 7,57, and ] is the

accumulation current.
PACS numbers: 73.60.Fw, 73.30. + y

I. INTRODUCTION

Semi-insulating (SI) InP shows considerable technological
promise as a substrate for making planar, monolithic, inte-
grated circuits using metal-insulator-semiconductor field
effect transistors (MISFET’s). It may also prove to be a via-
ble substrate for electro-optic integrated circuits employing
injection electroluminescent lasers, photodiodes, and photo-
transistors made of ternary and quaternary III-V alloys hav-
ing lattice constants compatible with InP.

Bulk, Czochralski grown, single crystal, SI InP is pro-
duced by compensating its residual shallow donors with
deep level Fe* acceptor impurities. It is # type at room tem-
perature with a typical electron density n=~10° cm 3, mobil-
ity u=~3%10° cm® V='s~', and typical bulk resistivity of
the order of 10’ 2 cm.

S1 InP surfaces coated with a synthetic dielectric such as
S$i0, or A1,0, exhibit surface accumulation’ with an equilib-
rium surface Fermi level E #2-0.16 eV. This is essentially the
same as that of n-type, (100)-oriented InP which is slightly
depleted, and is in good agreement?- with the barrier height
and surface Fermi level of (110)-and (100)-oriented *free”
surfaces obtained by x-ray photoemission spectroscopic
methods.

Modulation of the surface potential in accumulation by a
positive potential applied to the gate of a SI InP MISFET is
feasible. Such accumulation mode transistors® (A-MIS-
FET’s) are of particular importance for use as enhancement
type devices in high frequency and low power microwave
integrated circuits.” The significance of surface transport of
charge carriers in SI InP is, therefore, self-evident. However,
relatively little is known about either the bulk or surface
transport of charge in SI InP. The bulk properties of SI InP
may, in some respects, be similar to those of SI GaAs. It
appears that both are affected by charge injection at the con-
tacts, by space-charge-limited (SCL) current flow, and by
trapping some of the injected charge carriers.®® Nonethe-
less, their surface properties are likely to be quite different
because of the different energy levels of the surface states,
which determine the equilibrium position of their surface
Fermi levels'—near midgap for GaAs and near the conduc-
tion band edge for InP.
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This paper presents preliminary two-terminal and three-
terminal electrical measurements made on SI InP. A tenta-
tive interpretation of the data is offered which proposes that
surface transport consists of SCL current affected by trap-
ping, combined with electron transport in the surface accu-
mulation layer.

Il. EXPERIMENTAL

Devices were fabricated on ~ 107 £2 cm, (100)-oriented, Fe
doped, SI InP which had been chemomechanically polished
in a bromine-methanol solution, cleaned in hot acetone,
rinsed in methanol, given a detergent scrub, and deionized
water rinse. Drain-source windows were produced photo-
lithographically, following which Au-Ge ecutectic was de-
posited by thermal evaporation. After removal of the photo-
resist, these contacts were annealed at 375 °C for 15 min and
the current versus voltage linearity determined. Thereafter,
an ~0.1 um thick SiO, or Al,O, layer was deposited by rf
plasma-assisted chemical vapor deposition procedures at
300 °C. Alternatively, the insulating layer was deposited'®
immediately following the contacts, then the anneal was per-
formed as before. The contact pads are rectangular, 0.5
mm X | mm (the narrow edge fronting the channel) with ei-
ther a 20 um long or a 30 zm long channel between them.

A-MISFET (i.e., three terminal devices) were made by the
vacuum deposition of an Al gate over the channel between
the source and drain pads, using photolithographic proce-
dures to delineate the gate contour. Gate current leakage, at
1 V, was found to be negligible, on the order of 10~ "' A.

Wl. ELECTRICAL MEASUREMENTS

The insert in Fig. 1 shows that the current [ is, to good
approximation, a linear function of the applied voltage ¥V
between Au-Ge eutectic alloy contacts made to SI InP, pri-
or to deposition of a Si0, layer. For much higher values of V
or much smaller interelectrode spacing, / has a power law
dependence on V consistent with SCL current flow in the
presence of traps.® Rose!' has shown that a linear 7 vs V'
regime precedes SCL current flow if the density of injected
charge carriers is much smaller than that of the thermally
generated carriers (or that contributed by ionized impuri-
ties).

© 1964 American Vacuum Society s12
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Fi1G. 1. Current vs time for two-terminal SI InP structures after SiO, surface
coating is applied; potential difference ¥ = 4.8 V; two interelectrode spac-
ings: 20 and 30 zm. Insert shows typical two-terminal structure current-
voltage characteristics prior to deposition of Si0Q,. Same interelectrode
spacings as above.

Figure 1 also shows that following the deposition of an
$i0, layer over the same SI InP specimens, the current mea-
sured at a constant voltage, applied in the form of a step
function, has acquired a time dependence: It rises to a quasi-
steady-state plateau and then decays much more slowly. The
peak currents are some two orders of magnitude greater than
currents measured between the same contacts prior to depo-
sition of the Si0,. This current depends on the interelectrode
spacing.

From curves similar to those in Fig. 1, it was determined
that the current plateau is a function of ¥ “, where @ >2, and
commonly is ~4. On the other hand, it was found that the
time constant r of the rise of / {t ) is essentially independent of
V. Removal of the S$i0O, layer from the InP surface eliminates
the time-dependent evolution of / and restores the linear /-V
characteristic shown in the insert.

It is proposed here that the surface charge carrier trans-
port in SI InP, up to and including the plateau in / (¢ ) shown
in Fig. 1, proceeds by a combination of SCL current flow in
the presence of traps, and the motion of free electrons in the
surface accumulation layer. Their relative contributions
may vary, depending on the free carrier concentration.
Meiners and Wider'? have shown that the equilibrium sur-
face potential of SiO, costed SIInP, with » = 2.2x 10*
cm~3 is Vs =0.39 V, in accumulation. Thus a small accu-
mulation current may exist even in the absence of an applied
gate voltage if a potential difference is applied to such a two-
terminal structure. The SCL current may be derived from
the first order assumption that the time dependent electron
density n is described by
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dn n,—n

dt T
n, is the total steady-state electron density and 7, is the time
constant required for the electric field and electron density
to reach steady state. n, is the sum of the initial (time = 0)
electron density n, due to the accumulation layer, and the
steady-state SCL density n,. Thus, the above equation may
be written as

d_"=("o+"|)—"

1
dt T M
with solution,
n=n,4n(l—e """ (2)

By assuming the electron mobility to be time and position
independent, the time dependent current becomes

Iey=I+ 11 —e”"'"). 3)

This is essentially a first order approximation to the total
current, consisting of the superposition of a current I, a
function of the free electron density n, in the accumulation
layer, and a SCL current, with a time dependent electron
density expressed by the second term in Eq. (2). Relations
similar to Eq. (3) have been deduced by Baron er al.'* for
doubleinjection SCL current measurements made on bulk Si
biased in the square law Mott-Gurney SCL regime,® and by
Dean'* for SCL measurements made on p-type InSb.
Figure 2 illustrates the time and gate-voltage dependent
evolution of the source-drain current J ps of a three-terminal
(A-MISFET) structure. Its two-termina) properties were
qualitatively in accord with those shown in Fig. 1. For a
constant ¥V ns of 5V, ipg was recorded as a function of time
for various values of the gate voltage ¥;. The data can be
fitted by means of Eq. (3) for each value of V. In addition,
since I, is assumed to be the accumulation current in the
channel of the A-MISFET,and provided /, = I s, then the
saturated current of the surface accumulation channel,
I,=K(Vg — V;)? “)
as shown by Wieder.'® ¥ is a threshold voltage and the
constant of proportionality X is a function of C;,, (the capaci-
tance per unit area of the gate insulator), the channel length /

and width z, and of the electron field effect mobility u such
that
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F1G. 2. Drain current vs time as a function of gate voltage V; for an A-
MISFET with SiO, gate insulator and 20 um long channel. Drain.source
potential is 5 V. Circles represent least-square fit of data to Eq. (3) using
ry=20s.
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K= Ci,p:/ 2. (5)

In accordance with Eq. (4), Fig. 3 shows that 7} is a linear
function of ¥, at least down to gate voltage comparable to
V. The slope of 157 vs V; yields K, and assuming the di-
electric constant of the SiO, layer is 3.9, the field effect mo-
bility =900 cm?/V s, a value consistent®'® with that deter-
mined on A-MISFET of smaller dimensions using either
Au-Ge or ion-implanted source and drain contacts.

In Fig. 2, no decay of I (¢ ) is evident, in contrast to experi-
mental data obtained on A-MISFET's of smaller dimen-
sions®'S but in accordance with 7(t) in Fig. 1, for <300 s.
Figure 4, on the other hand, shows that an A-MISFET of the
same dimensions as that which yielded Fig. 2, but having an
Al,O; gate insulating layer of comparable thickness, con-
curs with the measurements made on smaller devices'®: I {t )is
dominated by the decay following an initial rise to its peak
value J,,. The origin of I, is again assumed to be due to surface
accumulation.

If the decay in I (¢} is attributed to the charging of traps
with a very long time constant 7,, then with Q, being the
trapped charge (assumed to be zero initially),

0,2 ;-0 ()
d: T2

from which may be obtained a time dependent current of the
form,

d ! t/r,
Ilt)=-:€—=loe' s n

Figure 4 demonstrates that experimental data can be rough-

" (') *
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F1G. 3. Saturuted drain cucrent J, vs ¥ (circles)and 7}/ vs ¥ (squares) for
same ssmple as Fig. 2. Solid curve represents least-square fit of data to Eq,
(4) with K=380 uA/V? and ¥ ~0.1 V.
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FIG. 4. Drain current vs time as a function of gate voltage ¥ for a A-
MISFET with Al,O; gate insulator and 20 um long channel. Drain-source
potential is 5 V. Dashed lines represent least-square fit of data to Eq. (7)
using 7,~~960's.

ly fitted to this expression. Figure 5 indicates that this device,
too, yields the expected linear dependence of /> on V.

It is thought that more generally, the current may be ex-
pressed as a superposition of Egs. {3) and (7) as

Iit)=I{1 —e™""") + Lpe~ """ {8)
It may be seen that Eqs. (3) and (7) are special cases of Eq. (8),
which depend upon the relative contributions of the accu-
mulation SCL, and trapping mechanisms. Returning for a
moment to Fig. 1, one may see that both the SCL current
rise, and, at longer time, the trap-related decay are in evi-
dence, in qualitative agreement with Eq. (8).
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FiG. 5. Saturated drain current I, vs ¥;; (circles)and 1 )/? vs ¥ (squares) for

same sample as Fig. 4. Solid curve represents least-square fit of data to Eq.
@ withK =43 uA/Viand Vy = ~0.7 V.
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IV. DISCUSSION

From the data herein presented, it appears that SCL cur-
rents may contribute a significant fraction of the current
flowing in the surface of dielectric-coated SI InP in weak
accumulation and small to moderate applied electric fields.
It is premature as yet to try to develop a model of the com-
bined accumulation and SCL current flows. The data pre-
sented here suggest that the SCL current flow occurs in the
SImaterial underneath the accumulated layer. However, the
possibility that SCL currents may flow in the native oxide
beneath the synthetic dielectric layer cannot be ruled out.
No contribution is expected from currents flowing in the
synthetic dielectric itself. In large electric fields, such as pro-
ducedin ~0.5 zm long channels, / is a quadratic function of
¥ as expected for the trap-filled limit of SCL currents.? How-
ever, no consistent data of this type has been obtained as yet
for the larger devices used here.

SCL theory'"'” also indicates that an increase in the free
carrier concentration relative to trapped carriers might be
expected to yield an increase in the steady state SCL current
and a decrease in 7,. It was found that a two-terminal device,
on a SI InP specimen which had been annealed at 675 ‘Cina
P, overpressure for 10 min prior to deposition of the SiO,
layer or formation of the contacts, had a somewhat larger 7 (t )
and a 7, value smaller by roughly an order of magnitude
compared to those of Fig. 1. There also resulted a greatly
accentuated decrement in / (¢ ) beyond its peak value. These
changes may be due to an increase in the free electron density
in the vicinity of the surface produced by redistribution of
the Fe* acceptors which compensate the residual shallow
donors. Oberstar'® ef al. have found that following the an-
nealing of SI InP at 800 °C for 30 min, the Fe concentration
at room temperature, as measured by SIMS (secondary ion
mass spectroscopy) decreased by more than one order of
magnitude from its original value within 0.8 um of the sur-
face. This is also consistent with the measurement of Shana-
brook'® et al. which indicates that annealing at 730 °C for 15
min increased the free electron density of SI InP by more
than an order of magnitude. Annealing at such temperatures
is a common practice following ion implantation, but more
data will be required to establish an unambiguous correla-
tion between the anneal and the SCL current parameters.

Analternative explanation to trapping for the decay of I (¢ )
following its peak is presented as a model for slow current
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drift in A-MISFET’s. In this model, developed by Good-
nick® et al., electrons from the InP channel tunnel ther-
mionically to a conducting In,O; layer within the native ox-
ide, under the influence of the gate potential. The data in Fig.
4 can be fitted by this model as well. It is, however, not yet
evident how such a mechanism might affect the decay of I (t )
in two-terminal structures such as described here.
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